We present results of imaging polarimetry of the H 2 v=1-0 S(1) line towards the out ow lobes of DR21. The polarisation vectors are produced by dichroic absorption in a medium of aligned grains and therefore delineate the direction of the magnetic eld, projected onto the plane of the sky, aligning those grains. It is argued that the polarisation is dominated by grains within the DR21 cloud. The magnetic eld strength, estimated from the dispersion of position angles of the polarisation vectors, is 0.07 mG, which is not su cient to play a signi cant role in either halting the out ow, or con ning its lateral expansion.
INTRODUCTION
Young Stellar Objects (YSOs) have two bulk motions -inow and out ow. Gravity drives the in ow through an infalling envelope and an accretion disk. The origin of the out ow phase is a topic which is still open to debate. The phenomenon is thought to be either energy-driven or momentum-driven with a magnetic eld playing a crucial role in con ning the out ow (Shu & Shang 1998; Pudritz & Ouyed 1998; Kudoh & Shibata 1997; Uchida & Shibata 1985; Uchida & Shibata 1984; Pudritz & Norman 1983) . Magnetic elds will also play a signi cant role in the shock wave physics, in particular whether molecular shocks are C-type or J-type (Draine, Roberge & Dalgarno 1983) . Furthermore, various theories of star formation promote the idea that gravitational collapse is also in uenced by the magnetic eld (McKee et al. 1993; McKee 1989; Shu, Adams & Lizano 1987) . The prevalence of such theories only emphasises the need for an observational interpretation of the role of the magnetic eld in star formation. Once attained, the theories can be re ned to provide us with a better understanding of this process.
The tools usually employed to measure the strength and direction of the magnetic eld are Zeeman measurements and polarimetry, although these methods measure elds in orthogonal directions. The Zeeman e ect provides the strength of the magnetic eld along the line of sight (Heiles 1974) . Polarimetry, be it optical, infrared or submillimeter, can tell us the direction and strength of the magnetic eld projected onto the plane of the sky, if the polarisation is due to dichroic absorption or thermal emission of radiation within a medium of aligned grains (Alighieri 1996) .
The most recent technique for probing magnetic elds has been to obtain imaging polarimetry of the usually bright and extended H2 v=1-0 S(1) line (hereafter the H2 line) which is almost ubiquitously found in regions of recent star formation. The technique was rst attempted towards the H2 bright OMC-1 region by Hough et al. (1986) . The experiment demonstrated the validity and power of the technique, which relies on the H2 emission being extended across the eld of view. This radiation then needs to pass through a medium of aligned dust grains close to the source which polarise the radiation, and since the dust grains must be aligned by the local magnetic eld, its direction projected onto the plane of the sky can be mapped out. Later observations of the OMC-1 region by Burton et al. (1991) and Chrysostomou et al. (1994) revealed, in increasingly greater c 1998 RAS Figure 1 . H 2 polarisation map of the DR21 eastern out ow lobe. The contours show the intensity distribution (with no at eld applied), and the short lines the corresponding polarisation vector within a 5 5 pixel bin. The length of a 10 percent polarisation vector is also shown. The clumps used in further analyses are labelled 1 through 5. O sets are measured relative to the star O3 (Davis & Smith 1996) at 1950 = 20 h 37 m 18.9 s , 1950 = 42 09 0 54 00 .
detail, the presence of a twist in the magnetic eld close to the driving source of the out ow and also provided an estimate of the magnetic eld strength ( 10 mG) from a statistical analysis of the deviation of the polarisation position angles. This work provided impetus to the idea that the magnetic eld gets wound up close to the source by the rotating nature of accretion (Uchida & Shibata 1984; Bell & Lucek 1995) , and also lent credence to recent shock models (Smith, Brand & Moorhouse 1991) which require large magnetic elds (of the order of a few tens of milligauss) to explain the presence of broad H2 pro les in OMC-1 (Brand et al. 1989) . In this paper, we now extend this work to the DR21 star forming region.
DR21, at a distance of 3 kpc, is one of the most massive and energetic YSO out ows known (Campbell et al. 1982; Garden et al. 1991; Davis & Smith 1996) . Located in the optically obscured Cygnus X region (Dickel et al. 1969) , there is a central dense core within which several massive stars are thought to have formed and are driving the molecular outow and powering the the Hii region, as well as providing the pumping energy for a number of H2O and OH masers ((Genzel & Downes 1977; Palmer & Zuckermann 1967) ). Previous polarimetric measurements of DR21 in the sub-millimeter showed the presence of a 'polarisation-hole' towards the core (Minchin & Murray 1994) , i.e. a decrease in the degree of polarisation relative to other surrounding values. This is interpreted as the presence of a twisted medium of aligned grains (along the line of sight) whose net e ect is to decrease the degree of polarisation. The similarity with the OMC-1 region is compelling.
Here, we present new near infrared polarimetric observations of the H2 line to measure the magnetic eld towards the DR21 out ow, using the technique outlined above. The observing and data reduction techniques are discussed in further detail in sections 2 and 3, while the results are presented and discussed in sections 4 and 5.
OBSERVATIONS
Polarimetry of the H2 line towards DR21 was obtained on the nights of 9-11 July, 1996 at the United Kingdom Infrared Telescope (UKIRT) on the summit of Mauna Kea, Hawaii. The facility infrared camera, IRCAM3, was used comprising of a 256 256 InSb array with a pixel scale of 0.286 arcsec. A 1 percent H2 narrow band lter was used as a blocking lter for the Fabry-P erot (FP) etalon. The FP, which is placed in a collimated beam in front of the camera, has a velocity resolution of 325 km s ?1 and was wavelength calibrated by rst tuning the FP to a Krypton lamp line ( = 2.11712 m) near the H2 line. Continuum images of DR21 were also obtained by tuning the FP by 1600 km s ?1 o the H2 line. The phase shift across the array, from the centre to the corner, is 65 km s ?1 .
All observations in the H2 line, the continuum and dark currents were taken with an integration time of 300 seconds.
The IRPOL2 polarimetry module, designed and built at the University of Hertfordshire, includes an achromatic 1-2.5 m half-wave retarder which can be stepped to 4 angular positions. A cold Wollaston prism, placed within the cryostat, acts as the polarimetric analyser by splitting the incoming radiation into the orthogonally polarised extraordinary (e-) and ordinary (o-) beams. These are then imaged onto the array simultaneously, essentially eliminating the effect of changing photometric conditions on the polarimetry. Calibrations have shown the system to be 100 percent ecient with a position angle calibration of -6.7 (see UKIRT WWW Home Page).
To prevent the e-and o-beams from overlapping on the array, a focal-plane mask is used to block o half of the array from the eld of view. This portion of the array is then used for projecting the o-beam onto with the e-beam on the unmasked portion. (Garden et al. 1991; Davis & Smith 1996) . It is therefore assumed that the H2 emission is fully accommodated by the velocity passband of the FP. Similarly, a phase shift of only 65 km s ?1 from the centre to the corner of the array assured that the H2 line would not stray out of the passband across the eld.
Cyg OB2 No. 12 was observed on the rst night, as a polarimetric standard star (Whittet et al. 1992) . The measured polarisation vector was p = 1.56 percent at a position angle of = 118 , which were measured through a broad K band lter.
DATA REDUCTION
In this section we describe the method of data reduction. Blank sky frames were removed from the object frames in both the H2 line and continuum, simultaneously removing the bias and dark current from these images. Some residual sky emission remained after the subtraction, the typical value of which was 20 counts. The typical counts for a H2 clump is 300 per pixel. The unpolarised residual sky emission only serves to dilute the H2 polarisation, thus, a measurement 1 percent polarisation could therefore be no higher than 1.07 percent. This fractional change is well within our error estimates, even after many pixels have been binned up, indicating that the residual sky emission has no impact on our results. Davis & Smith (1996) with polarisation vectors of the brightest clumps overlaid.
The length of a 5 percent polarisation vector is also shown.
It is often di cult to obtain a at eld with su cient signal to noise using an FP because the number of counts from the sky through such a narrow passband is small. In this particular case, there is the compounded problem of the Wollaston prism splitting the incident radiation by half. Nevertheless, a at eld was constructed by median ltering all the sky images together and, in the nal analysis, a comparison was made between data which had and had not had a at eld applied to them. Aperture polarimetry performed on the comparison data gave di erences of 0.1 percent (with di erential errors between the data sets less than this) from which it was concluded that an appreciable di erence between these two methods did not exist. It was thus decided that the data would not be at elded.
The intensity normalised q and u Stokes parameter images were then calculated from the e-and o-beam images at the four retarder positions as follows : 
where the normalisation of -6.7 represents the position angle calibration.
A mosaic of the polarimetry data was built up by careful comparison of the data with an electronic version of the H2 intensity map of Davis & Smith (1996) . The position accuracies are estimated to be 0.1 arcsec (i.e. one third of a pixel). The nal polarisation maps are obtained by binning up an adequate number of pixels (e.g. N N square) to increase the signal-to-noise ratio. A 3 -clipping averaging algorithm was also applied to these bins to reject noise spikes from the mean. The error of p in these bins is calculated from the variance of q and u, propagated appropriately through equation (3) towards the eastern and western lobes of DR21, with polarisation vectors in 5 5 pixel bins overlaid.
The H2 emission is known to be quite clumpy in DR21 and some of the brightest clumps are identi ed in the gures. Polarimetry was calculated towards them using appropriate software apertures. The results are summarised in Table 2 . We have placed the polarisation vectors calculated for these clumps on the H2 image of Davis & Smith (1996) . This is shown in Figure 3 . For the eastern out ow lobe, the polarisation vectors are, in general, parallel to the axis of the out ow. In contrast, the western lobe has polarisation vectors perpendicular to the out ow axis.
Sub-millimeter data
A number of sub-millimeter polarimetric measurements have been made towards DR21, all towards the core of the outow, DR21/IRS 1. Minchin & Murray (1994) have mapped this core at 800 m , giving polarisation position angles of 25 . Their measurements also show evidence of à polarisation-hole' towards the source, where the degree of polarisation is seen to drop at the source relative to other points measured in the immediate vicinity. This is consistent with a twisting of the magnetic eld here. Such a polarisation hole has also been identi ed, and similarly interpreted, towards the core of the OMC-1 region (Schleuning 1998; Chrysostomou et al. 1994 The interstellar magnetic eld For our polarimetry of the H2 line to bear any signi cance to the geometry and strength of the magnetic eld close to the DR21 out ow, the dichroic extinctionwhich polarises the H2 radiation needs to be dominated by extinction close to the source. Nadeau, Riopel & Geballe (1991) have shown that the extinction is quite uniform across the DR21 outow lobes, and that there is no correlation between the H2 intensity and extinction. However, it is still unclear whether this extinction is caused by the molecular cloud associated with DR21 or by the di use interstellar medium. Therefore, there is a possibility that our polarisation maps presented in Figures 1{3 represent not only the magnetic eld in the molecular cloud, but also the interstellar magnetic eld between us and the cloud. Mathewson et al. (1978) have demonstrated the Galactic magnetic eld structure from a compilation of optical polarisation measurements to a large number of eld stars across the Galaxy. From this we have been able to construct the interstellar magnetic eld geometry between us and the DR21 molecular cloud. This is shown in Figure 4 . DR21 is at a distance of 3 kpc located behind the Cygnus rift and the Cygnus X region which is 700 pc away (Campbell et al. 1982 ) and contains numerous large molecular clouds at distances ranging from 500 to 2700 pc (Dame & Thaddeus 1985) . A detailed visual extinction map reveals a complicated morphology for this region (Dickel & Wendker 1978) and the foreground extinction toward DR21 is not clearly dened. This is corroborated by Figure 4 which shows a very complicated Galactic magnetic eld geometry towards the DR21 molecular cloud.
The typical optical polarisation of the stars towards the DR21 region is 1 percent (with a minimum of 0 percent and a maximum of 4 percent). Consequently, we do not expect the near infrared polarisation to be greater than 0.2 percent.
Nevertheless, it is prudent in this case to consider a worst-case scenario. If we consider the typical visual extinction to the Cygnus rift ( 5 mag; Neckel & Klare (1980) ) we can estimate an upper limit to the interstellar polarisation to DR21. An empirical relation between visual extinction (AV ) and the degree of polarisation induced in the K band is given by Tamura et al. (1987) as : p(K) AV = 0:16 % mag ?1 (7) Therefore, we might expect 0.8 percent polarisation to be induced foreground of DR21 in the K band.
How does this a ect our observations? One aspect of the foreground polarisation which remains uncertain is its postion angle on the plane of the sky { the complicated structure depicted in Figure 4 precludes a sensible estimate of this. We therefore take the two extreme scenarios of the foreground polarisation being either parallel to or perpendicular to the out ow axis. We then remove this polarisation from the q and u vectors in our data to illustrate the maximum possible e ects interstellar polarisation could have on our data. The results for each clump is summarised in Table  3 and illustrated in Figure 5 .
Clearly, the points which are a ected most are those with the smallest observed degrees of polarisation, whereas the clumps with the highest observed degrees of polarisation are minimally a ected, and it is these latter points which we must trust most for de ning the magnetic eld geometry.
What remains clear, however, is that the apparent directions of the magnetic eld in the two out ow lobes remain broadly perpendicular to each other, leading us to conclude that this peculiar magnetic eld structure is real and is not intrinsic to the foreground interstellar material.
The eld geometry towards the DR21 out ow
What are the implications of this eld structure?
One may simply be that there is a two component magnetic eld con guration in the DR21 molecular cloud.This would provide some support to the assertion that there are two clouds within the DR21 region. Wilson & Mauersberger (1990) interpret their NH3 (3,3) line emission data as arising from two separate cloud components. If these clouds also posses di erent grain alignments then we can quite plausibly explain the H2 polarisation measurements in this way.
A precedent of this scenario is found in the -Ophiuchi molecular cloud where up to three components are identi ed in the measured polarisation position angles for stars embedded within the molecular cloud (Sato et al. 1988; Tamura et al. 1996) . The interpretation proposed for -Ophiuchi { a collision of two clouds with independent magnetic eld morphologies { could similarly apply to DR21. This directly implies that we may not be necessarily probing the magnetic eld geometry about the out ow but the bulk of the foreground molecular cloud (or clouds) instead.
An alternative picture is that the magnetic eld possesses a spiral or helical structure in the lobes, due to the eld having been wound up during the collapse and subsequent out ow phase of the central core's evolution. This ties in with the sub-millimeter polarisation measurements which imply a toroidal magnetic eld at the core. At sub-millimeter wavelengths, polarisation is produced by the emission from cold aligned grains, so the inferred magnetic eld direction is perpendicular to the polarisation vector. The results obtained by Minchin & Murray (1994) are consistent with a magnetic eld which is toroidal (i.e. wound up) at the source.
For some reason, though, the eastern lobe has not managed to maintain its helical structure, perhaps due to an intense wind-driven bubble being blown out from the central Hii region. Indeed, this hypothesis is possibly borne out in H2 images and spectra of the whole out ow which suggest twisted helical structures in the western lobe though ne scale turbulence, perhaps caused by ambipolar di usion along eld lines, in the eastern lobe (Davis & Smith 1996) . If our own near-infrared measurements trace out the magnetic eld near the out ow lobes, then clearly these results taken as a whole indicate that there exists a very complex eld con guration towards and possibly within the DR21 out ow.
Strength of the magnetic eld
It is important to understand whether magnetic pressure plays an important role in the con nement of an out ow as the eld strength acts as an important parameter in models ot out ow mechanisms (Pudritz & Ouyed 1998) . It is possible to derive a lower limit for the eld strength for which this would be true. Roberts, Dickel & Goss (1997) have estimated the di erent pressures from various energy sources for the Hi out ow gas in DR21. They determine that the turbulent and bulk kinetic motions provide the dominant c 1998 RAS, MNRAS 000, 1{10 Figure 5 . The top image shows the polarisation vectors from Figure 3 after removal of a foreground polarisation component which is assumed to be 0.8% at a position angle which is perpendicular to the out ow axis. The bottom image shows the same but assuming that the foreground polarisation is at a position angle which is parallel to the out ow axis contributions to the gas pressure, with a value of 10 ?9 dynes, whereas thermal pressure is negligible. However, they did not consider the thermal pressure in the hot post-shock gas of the out ow. If we consider the free expansion of an out ow lobe (i.e. an outward expansion perpendicular to the out ow axis) is driven by its ram pressure, and equate it to the thermal pressure in the post-shock gas, we may estimate its magnitude.
We take typical temperatures and densities for the postshock gas in the DR21 out owas T 2000 K and n 10 6 cm ?3 (Davis & Smith 1996; Garden et al. 1991 as above, the number density in the entrained gas is 10 6 cm ?3 and that vturb 1 km s ?1 ).
Following Chandrasekhar & Fermi (1953) , an estimate of the eld strength can be obtained from : We assume the number density of molecular hydrogen in the ambient molecular cloud to be 10 4 cm ?3 (Garden et al. 1991) and the turbulent velocity to be 1 km s ?1 . The angular dispersion of the polarisation vectors can be calculated by forming the histogram of for each of the clumps identi ed in Figures 1{2 . The dispersions were obtained by rst binning our data into 5 5 pixel bins and calculating an error for each bin from internal statistics, after rejecting those bins with large error. The bins rejected had errors greater than 30 , i.e. bins with p p (see equation 6). Each 5 5 pixel bin within the clumps were then used to form the histograms for each clump. Dispersions were obtained by calculating the standard deviation observed within each clump after removing the errors, in quadrature, from each 5 5 pixel in the clump. The dispersions which result from these calculations are also tabulated in Table 2 . Table 2 further shows the magnetic eld strengths from these dispersion measurements estimated using equation (8). For the magnetic eld estimate to be signi cant, the dispersions measured for each clump need to be larger than the average pixel-to-pixel error within the clump. This is true for these clumps. The magnetic eld strength averaged across both lobes is 0.07 mG, with a statistical uncertainty of 0.02 mG, lower than the magnetic eld strength estimated at a position nearer to the Hii core of DR21 ( 0.5 mG; Roberts et al. (1997) ) using the Hi Zeeman e ect. We note, however, that Zeeman measurements estimate the magnetic eld strength along the line of sight whereas our infrared measurements estimate the strength of the eld projected onto the plane of the sky. Furthermore, the Zeeman measurement of Roberts et al. was made closer to the core of the out ow source, whereas our measurements refer to the local ambient medium where we would expect a lower eld strength.
This estimate for the magnetic eld strength in the ambient cloud, within which lies the energetic DR21 out ow, comfortably falls below the lower limit derived above. This provides empirical evidence that in the case of DR21, magnetic pressure does not play an important role in collimating the out ow.
We nd support for our result from considering the large scale ( 20 0 ) distribution of the dense gas in DR21, as determined from C 18 O, C 34 S and NH3 transitions (Wilson & Mauersberger 1990) . This distribution is shown to have a lamentary structure aligned in a north-south direction. If magnetic elds form and support these structures then we expect approximate virial equilibrium between the magnetic, gravitational and turbulent forces within the cloud. as derived from our H2 polarimetry, and v = 1 km s ?1 yields n 2 10 4 cm ?3 , consistent with determinations of the ambient cloud density. Thus the magnetic eld within the DR21 molecular cloud seems to be su cient to have played a role in controlling the rate of gravitational collapse of the cloud to form the stars. However, it is too small to con ne or halt the out ow that has been produced in the subsequent episode of massive star formation.
CONCLUSIONS
We have carried out imaging polarimetry of the H2 v=1-0 S(1) line towards the out ow lobes of DR21. This technique traces out the magnetic eld geometry towards the H2 emission as long as the polarisation is induced by dichroic absorption of magnetically aligned grains.
While the direction of the inferred magnetic eld towards the eastern lobe is parallel to the axis of the out ow, in the west lobe the eld direction is almost perpendicular to this axis. This may imply the complex of a two cloud { two component magnetic eld foreground of the DR21 outow, or, that the magnetic eld along the out ow has been wound up into a spiral structure, with the eld morphology in the eastern lobe having been somehow adversely a ected. An estimate of the magnetic eld strength of 0.07 mG has been obtained from the dispersion of position angles of the polarisation vectors at various places across both out ow lobes. This is consistent with a magnetic eld which can form the dense gas into north-south orientated laments and support it from collapse, although we nd that the eld strength is not su cient for it to play a major role in either halting or con ning the expansion of the out ow.
